Abstract
Introduction and theoretical background
To provide the required comfort parameters in closed areas it is necessary to distribute supply (primary) air efficiently in the occupied zone. The injected primary air jet induces secondary airflows in the ventilated space, thus these primary and secondary airflows constitute an air distribution system [1] . Injected air jets and their distribution in the room play a very important role for each air distribution system. Tangential air distribution system is frequently used in several ventilated spaces. This type of air distribution can provide suitable indoor air comfort in rooms and draught risk can be decreased in the room. With tangential air distribution, a supply air jet is injected into a surface in parallel (mostly this surface is a wall). This injected air jet adheres to the surface, so an offset, attached jet is formed. After this, the air jet flows onto the wall as with a classical wall air jet. The offset, attached and wall air jets play important roles in tangential air distribution systems, so it is necessary to clarify the main difference between offset and wall jets. With wall air jets, the distance between the wall and the air inlet is zero, and the jet attaches to the surface after the air inlet. With offset air jets, the distance between the wall and air inlet is higher than zero, so the air jet attaches to the wall at the attachment point. The distance between the air inlet and the attachment point is the attachment distance (y a ), which is often normalized by the air diffuser's nominal size s 0 (y a /s 0 , see Fig. 1 ) [2, 3] . One main advantage of applying offset jets is that the air inlet can be located outside the occupied zone of the ventilated space, near the wall. This means that higher inlet air velocities can be used without draught risk [4] .
One of the most important features of offset jets is the attachment point, which separates offset jets from wall jets. This attachment point can influence the airflow characteristics in the room. The attachment process of the air jet is shown on Fig. 1 . Supply air is injected from an s 0 sized slot diffuser with inlet air velocity v 0 . A recirculation zone be seen between the wall and the air inlet. The average pressure in this zone is less than that in the occupied zone (p 2 < p 1 ), because there is no air injection from the wall side. After this, the Coanda-effect appears and then the offset air jet attaches to the wall surface and flows onto the wall as a simple wall air jet [5] . Other important features of offset jets are the horizontal distance between the wall and the air inlet (h), the slot's width (s 0 ), the slot's length (L 0 , which is perpendicular to plane x-y), air velocity at the air inlet (v 0 ), air temperature (t 0 ) and the normalized attachment distance (y a /s 0 ). Further parameters are the air density (ρ 0 = f (t 0 )), kinematic viscosity (ν 0 = f (t 0 )) and curvature of the air jet (r). Inlet geometry also plays an important role in the attachment process of the jet by AR (Aspect Ratio) and OR (Offset Ratio) [6, 7] . AR is the ratio of the air diffuser's length to the diffuser's width:
OR is the ratio of the horizontal distance between the wall and the air inlet to the diffuser's width:
The inlet Reynolds-number is:
One of the earlier publications in this field of research was made in 1934 by Förthmann, who investigated plane and turbulent wall air jets [8] . The following decades brought several offset and wall air jet investigations. Sawyer [9] studied the attachment process of an air jet to a surface both theoretically and experimentally. He found that the attachment point is where the static pressure distribution on the wall has local maximum, or the wall shear stress distribution changes sign. This was also observed by several other researchers [2, 3, 5] . Another way of determining the attachment point was observing the direction of airflow near the wall. In this case the attachment point was where the wall normal air velocity component was zero [5, 6, 10] . Nozaki et al. [6] determined the attachment streamline in the offset jet and the intersection of this streamline and the wall determined the attachment point. T. Magyar [11] investigated offset and wall air jets and air velocity profiles, injected from circle air diffusers. He built the mathematical model of the investigated jets and then performed experimental investigations.
Rajaratnam and Subramanya [3] investigated water jet. They found that there is an analogy between water and air jets, so they used an offset, parallel jet model. They also claimed that at a higher inlet Reynolds-numbers (Re 0 > 10 4 ) geometry (OR and AR) has a significant effect on the jet's attachment to the wall. This was also verified by Sawyer [9] , Pelfrey and Liburdy [10] and Bourque [12] . After the attachment point, the velocity profiles and decay of maximum air velocity in the wall jets are similar to the classical two-dimensional plane wall jets [10] . Nozaki et al. [6] showed that at higher offset ratios the air diffuser's width has negligible effect on the jet's flow and the attachment process.
At higher offset ratios (OR = 6 ÷ 70) the normalized attachment distance (y a /s 0 ) is [6] :
At smaller offset ratios (OR < 6) this normalized attachment distance is [6] : If OR < 20, the following formula can be applied to calculate the normalized attachment distance [5] : Note that the previous formulas are approximate and semiempirical equations and relate to two-dimensional air jets, where end-walls of the room were not considered. Nozaki et al. also showed that the attachment distance is almost independent from inlet Reynolds-number at the range of Re 0 = 2 ÷ 7 * 10 4 , if AR = 8, and OR = 1.6 ÷ 16. In case of AR = 1, 2 and 3, respectively OR = 1.6 ÷ 16 the effects of inlet Reynolds-number and side wall on the jet's attachment are on the increase, especially if AR is decreasing. This tendency was also verified by Nozaki [7] , who found that if AR > 2, the attachment of the jet is independent from Re 0 , while if AR < 2, the inlet Reynolds-number has a significant effect on the jet's attachment.
Awbi showed in his book [13] that the jet's attachment only happens if:
where A 0 is the nominal inlet cross-section. Otherwise, the jet should be considered as a free air jet. In the present work, A 0 = L 0 * s 0 = 1000 * 12 = 12000 mm 2 , so the critical distance between the wall and air inlet is h crit ≈ 657 mm, while h = 260 mm. As h < h crit in the present case, the injected air jet attaches to the wall and can be considered as an offset, attached jet.
Most investigations in literature were taken in laboratory test facilities. This suggests there was only air inlet without exhaustion and there were no end-walls near the air inlet, so the
air jet could be considered as two-dimensional. In engineering practice, the tangential room air distribution system is used in smaller rooms, especially in offices. In real circumstances there is always air inlet and exhaustion and the end-walls of the room are near the air diffuser, so the injected air jet is usually considered as three-dimensional. Moureh and Flick [14] and Yu et al. [15] investigated the airflow in a slot ventilated space, which is similar to the tangential air distribution system, however, these works do not deal with the attachment distance and its determination.
Few investigations used lower inlet Reynolds-numbers under 10 4 , which would be very important from the aspect of comfort type ventilation applications. Furthermore, in HVAC (stands for Heating, Ventilation and Air Conditioning) designing, the usual aspect ratio of slot diffusers is higher than 30…50, while the offset ratio is less than 30…50. Most of the earlier investigations were outside in the previously mentioned Re 0 , AR and OR ranges.
The investigations above were mainly performed using experimental and analytical methods. In case of applying numerical simulation (CFD stands for Computational Fluid Dynamics) partial differential equations, which describe the flow are solved with approximate methods. In fluid mechanics applications and HVAC systems, the finite volume method is commonly used [16] . The mathematical model of closed areas include the continuity equation, equation of movement, energy equation (if thermal processes are investigated), equation contamination of pollutants, etc. [17] . In several engineering applications, the flow is mostly turbulent, so it is needed to model turbulence with different turbulence models. In recent years several investigations have been taken with numerical simulation, in order to investigate air jets. Nasr and Lai [5] applied inhomogeneous numerical meshing in the computational domain. It is important that near rounded faces, slots and complex geometries are needed to apply finer meshing, because the solution changes faster [16] . Nasr and Lai applied the standard k-ε, RNG k-ε and RS k-ε turbulence models with power law, second order upwind and QUICK schemes. They found that the standard k-ε model was more accurate than other turbulence models. Kechiche et al. [18] numerically investigated a turbulent wall jet at lower Reynolds-numbers (between 7. They used the SST k-ε turbulence model because of the near wall effect with wall function and tetra elements.
The previous investigations were mainly performed in test facilities and did not consider the built-in circumstances and the exact room air distribution system type. Furthermore, most of the investigations applied higher inlet Reynolds-numbers above 10 4 , which usually are not used in comfort type ventilation systems because of thermal and draught comfort risk. In most of the HVAC systems the usual inlet Reynolds-numbers are under 10 4 .
Investigation aim
The main aim of this article is to investigate the inlet Reynolds-number's effect on the jet's attachment distance in lower Re 0 range. Based on a recent literature review, it is clear that inlet Reynolds-number dependence of the attachment distance is possible only if inlet AR is much lower than the usual practical value (AR < 3). However, it is needed to investigate the effect of Re 0 on the attachment distance in real circumstances, which were not considered in previous researches:
• Tangential room air distribution system with vertical air supply and vertical air exhaust.
• End-walls of the ventilated room are near the air inlet.
• Much lower Re 0 range that was applied in most of the previous researches. In comfort type HVAC systems the usual inlet Re 0 range goes from 2,000 to 4,000 in tangential room air distribution systems.
Each scientific problem can be solved with three different methods: with analytical, experimental and numerical methods. In this paper, the attachment distance of the air jet was investigated using experimental and numerical methods.
Experimental method
Measurements were performed in a full-scale model room of a typical cellular office, with 3x3 m basic area and 2.8 m interior height at Budapest University of Technology and Economics, Department of Building Service and Process Engineering, Ventilation Laboratory. Ventilation design criteria of cellular offices are in standard CR 1752 [20] . In the test room, which was thermally insulated against external heat gains; tangential room air distribution system was used. Location of the air inlet can be seen in Fig. 2 . Boundary conditions of the experimental investigations were:
• Steady and turbulent airflow.
• Isothermal air injection from 1-line slot diffuser with vertical air supply and vertical air exhaust.
• Basic area of the test room was 9 m 2 with interior height 2.8 m. This arrangement was a typical single (cellular) office room according to standard CR 1752 [20] .
• The inlet geometry was: L 0 = 1000 mm, s 0 = 12 mm, h = 260 mm, so AR = 83.3 and OR = 21.7.
• At the air inlet v 0 = 2 ÷ 6 m/s, so the inlet Reynoldsnumber was Re 0 = 2 ÷ 4 * 10 3 .
Air velocity magnitude was measured in the air jet with hotwire anemometer (Fig. 3) , according to the relevant standards [21, 22, 23] in plane x-y (Fig. 1) .
There was 12 mm distance between the measurement points in x-direction and 100 mm in y direction. The size of the whole measurement plane was 600 mm in x-direction and 1,500 mm in y-direction in the injected air jet. This meant 750 measurement points in the measurement plane. The safety distance of the probe was 10 mm from the wall, considering the probe's protection. Ambient air temperature was measured by NiCr-Ni based thermometer due to standard [23] . Figure 4 shows the sketch of the ventilation system. The hot-wire anemometer was connected to a computer (PC), which collected the measured data. A CRAC device (stands for Computer Room Air Conditioning) handled the circulated air in the ventilation system. The airflow was controlled and measured by an orifice plate with a controlling valve. All of the measured data were collected in a text-file and then transported and evaluated with statistical methods. Figure 5 contains the locations of maximum air velocity magnitude in the jet. On the horizontal axis is the location of maximum air velocity magnitude (x vmax ) measured from the wall. On the vertical axis is the distance from air inlet, normalized by the nominal size of the slot diffuser. The curvature of the offset jet can be seen clearly between the air inlet and the wall. The approximate attachment point was y a /s 0 ≈ 120 at x vmax = 10 mm (considering the distance between the probe's head and the wall). Note that this x vmax = 10 was not on the wall, because of the safety distance and also air velocity on the wall is zero (v wall = 0). 
Reynolds-number
It is clear that in the range of Re 0 = 2 ÷ 4 * 10 3 , the approximate attachment distance (y a /s 0 ) changes slightly as a function of inlet Reynolds-number in the investigated room. General regression and Abbe tests [24] were applied in order to investigate the approximate attachment distance's dependence on inlet Reynolds-number. Normal distribution of the measured data was assumed and the probability levels were 90, 95 and 99 % during the tests. In the present work, the fitted regression curve was linear:
The null hypothesis of the regression test was that rise of the regression curve is zero:
While the anti-hypothesis was:
The null hypothesis of the Abbe test was that the expected value of the attachment distance is constant. Calculated values of the test statistic were compared to the critical values at the three probability levels and the null hypothesis could be accepted in the two tests. This meant that the rise of the regression curve was zero and the expected value of the approximate attachment distance was constant. In other words, the approximate attachment distance was found to be independent from the inlet Reynolds-number in the range of Re 0 = 2 ÷ 4 * 10 3 . This result agrees with previous literature results, however, there were applied higher inlet Reynolds-numbers, and investigations were performed on test facilities, not in a room.
As the approximate attachment distance depends on several parameters, it could be assumed that it had a normal distribution [24] . The approximate attachment distance has an expected value in the investigated Re 0 range, which is y a /s 0 = 128. Confidence intervals of this expected value at different significance levels are: Note that this approximate attachment distance was determined with an air velocity magnitude measurement in the injected air jet's axis. Some researchers suggested that the attachment distance can be determined directly on the wall by investigating the wall shear stress distribution. The attachment point is where the wall shear stress changes sign. In the present work, the wall shear stress distribution was determined by numerical simulation.
1 Measurement uncertainty
Each measured quantity is loaded with uncertainty. In order to provide a precise and correct evaluation of measured data it is necessary to determine these uncertainties [24] . Air velocity magnitude was a directly measured value and the absolute uncertainty of the measured air velocity magnitude was given by the manufacturer of the hot-wire anemometer: 0.03 m/s. The minimum relative measurement uncertainty of maximum velocity magnitude in the jet was 0.6 %, while the maximum uncertainty was 3.1 %, which was under 5 % [23] .
The inlet Reynolds-number was a calculated value, which used the measured air velocity and temperature. The minimum relative measurement uncertainty of the inlet Reynolds-number was 0.6 %, while the maximum was 1.5 %, which was also under 5 % [23] .
Numerical method
The numerical simulation was made with Ansys Fluent 12.1 CFD software, which used a 3D geometry model. The inlet Reynolds-number range was Re 0 = 2 ÷ 4 * 10 3 , while the initial turbulence intensity at air inlet was 7%, according to previous measurements. Hexahedron elements were used in the whole domain by sweep method. The geometry was the same as the investigated model room. According to the simple room geometry, a symmetric model was used (Fig. 7) . Fig. 7 The symmetric 3D geometry model
Wall inflation was applied near the wall surface, applying smooth transition with transition ratio 0.5, 6 layers and growth rate 1.5. Three different turbulence models were applied: standard and RNG k-ε models with wall function and SST k-ω (13) model. For the k-ω model it is necessary to have the cells closer to the surface. The first cell should in the viscous layer, so the normalized distance from the wall surface should be less, than y + = 5. All of the turbulence models used coupled numerical scheme, respectively QUICK, power law and second order upwind discretization. The air was set to incompressible and ideal gas during the simulations.
It is very important to investigate grid independence on an integral value because of the calculation time of the numerical model. Figure 8 shows the maximum wall static pressure, which is an overpressure, (as a surface integral value) as a function of the number of cells.
Fig. 8 Grid independence investigation
It can be seen that under 100 * 10 4 = 10 6 cells, this integral value changes significantly, however, over 10 6 cells this value is almost independent from the number of cells (grid resolution). In the present case, this meant 1151236 cells with 220 mm max hexahedron element size. The numerical solver was pressurebased with steady-flow and 5,000 iteration steps.
Air velocity profiles in the injected air jet are plotted and compared with measured values on Fig. 9 . It is obvious that the SST k-ω model approximates the measured profile well. Based on the numerically determined velocity profiles, the maximum values of air velocity magnitudes can be extracted. Using the locations of the maximum velocity magnitudes, similarly like in the measurement method, attachment point of the air jet could be determined. Figure 10 shows the numerically determined approximate attachment distances compared to the measurement results. The numerically determined approximate attachment distances fit well to the measured data. The SST k-ω turbulence model showed the best fit to the measured data.
Wall shear stress distribution at different inlet Reynoldsnumbers (in vertical direction) along the wall surface can be seen on Fig. 11 . In Figure 11 it is clear that the y-wall shear stress distribution is almost the same at some inlet Reynolds-numbers in the investigated range. The attachment point of the injected air jet on the wall is where the wall shear stress changes sign. This point is approximately y = 2.2 m in the CFD global coordinate system, which is 0.6 m from the air inlet (total interior height of the room was 2.8 m). Based on the numerically calculated wall shear stress distributions, the attachment distances directly on the wall are shown in Fig. 12 . It can be seen that the attachment distance, directly on the wall is also independent from the inlet Reynolds-number and it is smaller than the approximate attachment distance near the wall. The main reason for this smaller value is that the approximate attachment distance was determined in the air jet's axis, while the attachment distance on the wall is determined from the jet's margin. The jet's margin always attaches to the wall sooner than the jet's axis.
Conclusions and summary
In the present article a wall bounded offset jet and its attachment were investigated using experimental methods and numerical methods. Air velocity magnitude was measured in the air jet with a hot-wire anemometer in a cellular office fullscale model room. Based on maximum (axial) air velocities, the axis of the injected air jet and the approximate attachment distance could be determined. Experimental results showed that the approximate attachment distance is independent from inlet Reynolds-number at three probability levels: 90, 95 and 99 %. The investigated inlet Reynolds-number range went from 2 * 10 3 to 4 * 10 3 with a constant inlet offset and aspect ratio. The results consider the real circumstances of tangential room air distribution systems, like end-walls near the air inlet, vertical air inlet and exhaust in a room and lower inlet Reynoldsnumbers, which are more frequent in comfort type HVAC systems. The expected values of the approximate attachment distances were estimated with confidence intervals.
A numerical model was created with symmetric 3D geometry in order to complete the measurement results. Boundary conditions of the numerical simulation were based on previous measurement results of the present research. Three turbulence models were used: standard and RNG k-ε models and SST k-ω model. Hexahedron elements were used for meshing with wall inflation, considering that the wall y-plus values should be less than 5. Grid-independence investigation was made and 1,151,236 cells with 220 mm max hexahedron element size seemed to be enough. Steady-state simulation was run with 5,000 iteration steps. Air velocity profiles were determined numerically and then investigating its maximum values the approximate attachment distance could be determined, similarly to the measurements. Numerical results showed good similarity to the measurement results, especially the SST k-ω turbulence model. Finally, the wall shear stress distribution was determined numerically and then the attachment distance was where this distribution changed sign. This numerically determined attachment distance from wall shear stress distribution was also independent from inlet Reynolds-number. However, it was smaller than the approximate attachment distance. The main reason for this smaller value was that the approximate attachment distance was determined in the air jet's axis, while the attachment distance on the wall was determined from the jet's margin. The jet's margin always attaches to the wall sooner than the jet's axis.
These results can help to describe and design the occupied zones of slot ventilated spaces in a more accurate way [25] .
